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The strength of synaptic transmission is controlled
by the number and activity of neurotransmitter re-
ceptors. However, little is known about absolute
numbers and densities of receptor and scaffold pro-
teins and the stoichiometry of molecular interactions
at synapses. Here, we conducted three-dimensional
and quantitative nanoscopic imaging based on
single-molecule detections to characterize the ultra-
structure of inhibitory synapses and to count scaf-
fold proteins and receptor binding sites. We
observed a close correspondence between the
spatial organization of gephyrin scaffolds and
glycine receptors at spinal cord synapses. Endoge-
nous gephyrin was clustered at densities of 5,000–
10,000 molecules/mm2. The stoichiometry between
gephyrin molecules and receptor binding sites was
approximately 1:1, consistent with a two-dimen-
sional scaffold in which all gephyrin molecules can
contribute to receptor binding. The competition of
glycine and GABAA receptor complexes for synaptic
binding sites highlights the potential of single-mole-
cule imaging to quantify synaptic plasticity on the
nanoscopic scale.
INTRODUCTION
The molecular architecture of synapses determines the synaptic
strength at a given steady state. Modular scaffold proteins are
decisive factors for the internal organization of synapses. They
provide binding sites for the transient immobilization of neuro-
transmitter receptors in the postsynaptic membrane, thus
setting the gain on synaptic transmission. In addition, synaptic
scaffold proteins bind to cytoskeletal elements and regulate
downstream signaling events in the postsynaptic density308 Neuron 79, 308–321, July 24, 2013 ª2013 Elsevier Inc.(PSD). In view of this, it is essential to know the actual numbers
of scaffold proteins to assess their roles for the ultrastructure,
function, and plasticity of synapses in quantitative terms. Here,
we have developed nanoscopic techniques based on single-
molecule imaging that enable us to gain quantitative insights
into the molecular organization of inhibitory synapses in spinal
cord neurons.
The PSDs of inhibitory synapses are characterized by dense
clusters of the scaffold protein gephyrin that offer binding sites
for inhibitory glycine receptors (GlyRs) and GABAA receptors
(GABAARs). The formation and maintenance of these clusters
depend on receptor-gephyrin and gephyrin-gephyrin interac-
tions (Calamai et al., 2009). Gephyrin molecules have the capac-
ity to trimerize and to dimerize at their N-terminal (G) and
C-terminal (E) domains, respectively (Schwarz et al., 2001;
Sola et al., 2001, 2004; Xiang et al., 2001). These properties
have given rise to a model whereby gephyrin forms a hexagonal
lattice underneath the synaptic membrane (Kneussel and Betz,
2000; Xiang et al., 2001; Sola et al., 2004), with common binding
sites for GlyRb and the GABAAR subunits a1–a3, b2, and b3
(Maric et al., 2011; Kowalczyk et al., 2013). Electron microscopy
(EM) has confirmed that inhibitory PSDs are indeed flat discs
with a surface of 0.04–0.15 mm2 and a thickness of 33 nm
and that gephyrinmolecules are clustered at a relatively constant
distance from the synaptic membrane (Carlin et al., 1980; Triller
et al., 1985, 1986; Nusser et al., 1997, 1998; Kasugai et al., 2010;
Lushnikova et al., 2011).
Despite the overall stability of synaptic structures, inhibitory
PSDs are highly dynamic molecular assemblies that can as-
sume simple (macular) or more complex (perforated or
segmented) shapes (Lushnikova et al., 2011). Gephyrin mole-
cules exchange continuously between synaptic and nonsynap-
tic populations (Calamai et al., 2009), while synaptic gephyrin
clusters may merge or split into separate structures (Dobie
and Craig, 2011; Lushnikova et al., 2011). It is believed that
the clustering of gephyrin is regulated by posttranslational mod-
ifications. A recent study has argued convincingly that alterna-
tive splicing and phosphorylation of the central (C) domain of
gephyrin plays a crucial role in the folding, receptor binding,
Figure 1. Single-Molecule Imaging of Ge-
phyrin Clusters at Inhibitory Synapses
(A) PALM imaging of mEos2-gephyrin and Den-
dra2-gephyrin in dissociated spinal cord neurons
(lower panels) distinguishes between large ge-
phyrin clusters (arrowheads 1 and 2) and a popu-
lation of gephyrin nanoclusters that are not visible
by conventional fluorescence microscopy (top
panels). Note that single fluorophores are only
detected close to the focal plane (e.g., the cluster
indicated by arrowhead 3 is not detected by
PALM). Scale bar represents 2 mm.
(B) Size distribution of large gephyrin clusters
(synaptic) and small nanoclusters (nonsynaptic).
No differences were observed between mEos2-
gephyrin (black) and Dendra2-gephyrin (gray)
cluster sizes.
(C) Dual PALM/STORM imaging shows the appo-
sition of large mEos2-gephyrin clusters (red) and
Alexa 647-tagged bassoon (cyan) at synapses.
Scale bar represents 2 mm; box width 3 mm.
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Quantitative Nanoscopy of Inhibitory Synapsesand oligomerization of gephyrin (Herweg and Schwarz, 2012).
For example, proline-directed phosphorylation of the gephyrin
C domain at residues S188, S194, and/or S200 has been shown
to trigger Pin1-dependent conformational changes that
augment GlyR binding (Zita et al., 2007). Also, it has been
shown that the clustering properties of gephyrin are regulated
by protein phosphatase 1 activity and by GSK3b- and CDK-
dependent phosphorylation of residue S270 (Bausen et al.,
2010; Tyagarajan et al., 2011; Kuhse et al., 2012; Tyagarajan
et al., 2013).
Various upstream mechanisms such as integrin signaling,
collybistin binding, and excitatory synaptic activity can affect
gephyrin clustering (Bannai et al., 2009; Charrier et al., 2010;
Papadopoulos and Soykan, 2011). In hippocampal neurons,
the induction of synaptic plasticity at excitatory synapses
has been shown to increase the size and complexity of inhib-
itory PSDs (Nusser et al., 1998; Bourne and Harris, 2011;
Lushnikova et al., 2011). The morphological plasticity of inhib-
itory synapses is directly related to the accumulation of inhib-
itory receptors, as judged by the close correspondence be-
tween the size of the PSD and both GABAergic and
glycinergic synaptic currents (Nusser et al., 1997; Lim et al.,
1999; Kasugai et al., 2010). The number of endogenous
GABAAR complexes at synapses has been estimated to vary
from 30 to as many as 200 (Nusser et al., 1997), and that of
GlyRs from 10 to 70 (Singer and Berger, 1999; Rigo et al.,
2003). However, nothing is known about the absolute numbers
of gephyrin molecules at inhibitory synapses or about the rela-
tive stoichiometry of receptors and scaffold proteins. Here, we
make use of quantitative, dynamic, and three-dimensional (3D)
nanoscopic imaging not only to determine the subsynaptic dis-
tribution of gephyrin and receptor complexes at inhibitory
PSDs but also to count the number of gephyrin molecules
and receptor binding sites.RESULTS
Photoactivated Localization Microscopy of Synaptic
Gephyrin Clusters
With this project, our goal was to visualize inhibitory synapses at
superresolution and to extract detailed structural and quantita-
tive information about the PSD. We carried out photoactivated
localization microscopy (PALM) on rat dissociated spinal cord
cultured neurons expressing photoconvertible constructs of
the synaptic scaffold protein gephyrin (mEos2- or Dendra2-
gephyrin). PALM was first conducted on fixed neurons as
described in the Experimental Procedures section. The positions
of single fluorophores were determined by Gaussian fitting of
their point-spread function (PSF) and were corrected for lateral
drifts using fiducial markers. The localization accuracy was esti-
mated as the SDs ofmultiple detections of the same fluorophore
in subsequent image frames (Izeddin et al., 2011). The precision
of localization was marginally better for mEos2-gephyrin (sx =
11.2 ± 1.9 nm mean ± SD, sy = 11.9 ± 1.4 nm, n = 12 fluoro-
phores) than for Dendra2-gephyrin (sx = 13.1 ± 2.1 nm, sy =
12.8 ± 2.0 nm, n = 11).
When expressed in spinal cord neurons, mEos2-gephyrin and
Dendra2-gephyrin accumulate in dense clusters that are visible
by conventional fluorescence microscopy (Figure 1A). PALM im-
aging makes it possible to measure the sizes of these structures
with high precision (spatial resolution, 25–30 nm). Image seg-
mentation of the rendered PALM images indicates an apparent
surface ranging from 0.01 to 0.1 mm2 (Figure 1B). The PALM ex-
periments also revealed the presence of an additional population
of gephyrin clusters below 0.01 mm2 that is not visible in the
diffraction-limited images (Figures 1A and 1B). To determine
the subcellular localization of both types of clusters, we com-
bined PALM imaging with direct stochastic optical reconstruc-
tion microscopy (dSTORM) as described elsewhere (IzeddinNeuron 79, 308–321, July 24, 2013 ª2013 Elsevier Inc. 309
Figure 2. Internal Organization of Synaptic mEos2-Gephyrin Clusters
(A) Synaptic mEos2-gephyrin cluster in a fixed dissociated spinal cord neuron shown as a rendered reconstruction of 60,000 frames (leftmost panel, red hot) and
as pointillist images of independent sets of image frames (1–5,000; 5,001–15,000; and 15,001–60,000) with a similar total number of detections. Scale bar
represents 500 nm.
(B) Live PALM imaging of mEos2-gephyrin (20,000 frames rendered in the leftmost image and three 6,000-frame pointillist images with 2min temporal resolution).
Arrowheads indicate dynamic rearrangements of a gephyrin cluster subdomain. Scale bar represents 500 nm.
(C) PALM/STORM of mEos2-gephyrin (red) and Alexa 647-labeled endogenous GlyRa1 (cyan) in fixed spinal cord neurons shows the correspondence between
the GlyR and gephyrin distributions at inhibitory synapses. Also note the colocalization (within <50 nm) of GlyRs and gephyrin nanoclusters (arrowhead).
Scale: box width of 1.25 mm.
(D) SPT-QD trajectory of a single endogenous GlyR complex (colored pointillist projection) reveals the receptor dynamics at amEos2-gephyrin cluster (grayscale)
visualized by PALM. The color scale indicates the frame number at a 50 Hz acquisition rate (1,000 frames = 20 s of recording). Scale bar represents 200 nm.
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bassoon was labeled with Alexa 647-tagged antibodies. Dual-
color PALM/STORM images show the apposition of the large ge-
phyrin clusters with bassoon-positive structures, identifying
them as inhibitory PSDs (Figure 1C). In contrast, gephyrin nano-
clusters did not colocalize with bassoon and thus represent a
nonsynaptic population of gephyrin.
The Internal Organization of Synaptic Gephyrin Clusters
Upon closer inspection, synaptic gephyrin clusters do not
appear to have a uniform shape. As judged by PALM, gephyrin
clusters are frequently elongated or twisted in one way or
another and may be composed of subdomains with varying310 Neuron 79, 308–321, July 24, 2013 ª2013 Elsevier Inc.fluorophore densities (Figure 2A). To rule out the possibility
that the presence of subdomains of gephyrin results from an
inadequate sampling of the synaptic scaffold due to the stochas-
tic nature of PALM, we constructed pointillist images from
temporally separated sets of movie frames. The similar overall
shape and distribution of the fluorophore detections in these im-
ages corroborates the heterogeneous distribution of mEos2-
gephyrin at inhibitory synapses in fixed spinal cord neurons. Still,
chemical fixation could also induce a redistribution of gephyrin
and the formation of subsynaptic protein aggregates. We, there-
fore, acquired live PALMmovies of about 7min at 50Hz from spi-
nal cord neurons expressing mEos2-gephyrin (Figure 2B). To
exclude that the lateral movements of the gephyrin clusters
Neuron
Quantitative Nanoscopy of Inhibitory Synapses(Hanus et al., 2006; Dobie and Craig, 2011) create false repre-
sentations of their shape, we readjusted the fluorophore posi-
tions in each frame to the center of mass of a given cluster. In
other words, the structure itself served as a fiducial marker,
and a sliding window of 2,000 frames was chosen to align its po-
sition over time. As in fixed neurons, gephyrin clusters were often
composed of subdomains with different fluorophore densities.
These gephyrin domains changed their relative position on a
time scale of minutes. Dynamic PALM imaging thus provides a
means to visualize the morphing of the synaptic scaffold.
In order to relate the ultrastructures of synaptic gephyrin clus-
ters to the subsynaptic distribution of inhibitory neurotransmitter
receptors, we conducted dual PALM/STORM experiments with
endogenous GlyRs (Figure 2C). As expected, GlyRa1 labeling
colocalized extensively with mEos2-gephyrin clusters, due to
the direct interaction between gephyrin and the intracellular
domain of the b subunit (b-loop) of the receptor complex (Frit-
schy et al., 2008). In fact, the GlyRs matched the subsynaptic
distribution of gephyrin closely, including the localization in sub-
domains of gephyrin. The colocalization of GlyR complexes with
gephyrin nanoclusters (<50 nm distance) was also observed oc-
casionally (Figure 2C), in agreement with the known interaction
between the two proteins outside of synapses (Ehrensperger
et al., 2007).
To probe the GlyR-gephyrin interaction at synapses in living
neurons, we combined PALM imaging with single-particle
tracking (SPT) of endogenous GlyR complexes using quantum
dots (QDs). Dynamic imaging of mEos2-gephyrin and GlyRa1
coupled with QDs emitting at 705 nm was conducted simulta-
neously using a dual-view system. As before, the fluorophore po-
sitions in both channels were corrected for the x/y-displacement
of the center of mass of the mEos2-gephyrin cluster. In this way,
the trajectories of receptor complexes could be related to the in-
ternal morphology of the gephyrin cluster (Figure 2D). Endoge-
nous GlyRs generally colocalized with gephyrin clusters and
were confined within subdomains of the PSD. Synaptic GlyR
complexes displayed a restricted movement, changing their po-
sition within gephyrin clusters on a time scale of tens of seconds.
This exchange of GlyRs between subdomains of the gephyrin
cluster is seen as a shift in the distribution of individual QD detec-
tions, likely representing receptor binding at spatially separated
binding sites. Taken together, our observations show that ge-
phyrin clusters have an intricate internal organization and that
their ultrastructure determines the subsynaptic distribution and
diffusion properties of GlyRs.
The 3D Organization of Inhibitory Synapses
In the previous experiments, the organization of inhibitory PSDs
was deduced from two-dimensional (2D) image projections,
which could influence the apparent distribution of synaptic com-
ponents. We therefore implemented 3D nanoscopic imaging
using adaptive optics (Izeddin et al., 2012) to resolve the spatial
organization of inhibitory synapses in spinal cord neurons. This
technique makes use of a deformable mirror in the imaging
path to optimize the signal detection and, by way of an astig-
matic deformation, to retrieve 3D information about the position
of single fluorophores below the diffraction limit (Huang et al.,
2008).Dual-color 3D-PALM/STORM experiments were carried out
onmEos2-gephyrin clusters and Alexa 647-taggedGlyRa1 com-
plexes in fixed spinal cord neurons. As in the 2D experiments, the
distribution of GlyRs closely matched the internal organization of
the gephyrin clusters. However, rotation of the 3D images
showed that scaffold proteins and receptor domains were
shifted relative to one another (Figure 3A). We determined the
distance between the gephyrin molecules and the receptors
along an axis across the PSD by measuring the distribution of
fluorophore detections within a 200 nm radius (Figure 3B). The
mean distance between the labeled GlyRs and mEos2-gephyrin
was 44 ± 6 nm (mean ± SEM, n = 26 clusters). The GlyR profile
itself was, on average, 135 ± 20 nm wide; and that of gephyrin
was 140 ± 11 nm (full width at half maximum [FWHM] of fluoro-
phore detections, n = 10 cluster profiles). Since the surface label-
ing of GlyRs can be considered as essentially 2D, the distribution
of the Alexa 647 fluorophores reflects the limit of resolution of our
imaging conditions (z axis pointing accuracy sz = 20–30 nm;
Izeddin et al., 2012). In addition, we rendered the surfaces of ge-
phyrin and GlyR clusters in order to calculate the volumes of the
two domains (Figure 3C; Movie S1 available online). The mean
volume of the GlyR domain was 0.010 ± 0.006 mm3, and that of
the gephyrin clusters was 0.012 ± 0.006 mm3 (mean ± SD, n =
26 clusters, five fields of view, three experiments), although
these values may well be an overestimate, given the limit of
spatial resolution imposed by 3D-PALM. However, this analysis
confirmed that the apparent volumes occupied byGlyRs and ge-
phyrin scaffolds were linearly correlated with a slope of 0.8.
Quantification of Gephyrin Molecules in Fixed Neurons
The strength of synaptic transmission is directly related to the
number and activity of neurotransmitter receptors at synapses.
Receptor numbers, in turn, depend on the number of available
receptor binding sites. We therefore devised strategies for the
quantification of densely packed synaptic proteins in fixed spinal
cord neurons. Our first approach was based on the sequential
photoconversion of clustered Dendra2-gephyrin molecules and
the counting of their photobleaching steps. This was validated
with another, independent strategy of molecule counting, con-
sisting in the bleaching of nonconverted Dendra2-gephyrin clus-
ters and the calibration of their total fluorescence with the mean
fluorescence intensity of single fluorophores. The advantage of
the second approach is that it does not require photoconvertible
probes, meaning that it can be used for the quantification of con-
ventional fluorophores (discussed later).
Making use of the photoconversion of Dendra2-gephyrin, we
first applied 100 ms pulses of 405 nm to convert small subsets
of fluorophores, which were bleached by continuous illumination
with a 561 nm laser (Figure 4A1). The pool of nonconverted Den-
dra2 was depleted by the end of these recordings. Dendra2 was
chosen because it is less prone to blinking thanmEos2 (Annibale
et al., 2011). Of note, the decay traces exhibited steps of fluores-
cence intensity associated with single converted (red) Dendra2
fluorophores (Figure 4A2). The peak intensities of the pulses
could thus be translated into numbers of fluorophores. The
sum of all the peak intensities then yielded the total number of
Dendra2-gephyrin molecules within the cluster. This value was
related to the fluorescence intensity of the nonconverted (green)Neuron 79, 308–321, July 24, 2013 ª2013 Elsevier Inc. 311
Figure 3. 3D Organization of mEos2-Gephyrin Clusters at Inhibitory PSDs
(A) Colocalization of mEos2-gephyrin (red hot) and Alexa 647-tagged GlyRa1 (cyan hot) in fixed spinal cord neurons, shown as x/y view (top) and 45 perspective
(bottom). The fluorophore detections are displayed in false colors according to density (number of nearest neighbors within a 50 nm sphere).
(B) The number of 3D-PALM/STORM detections was measured along a vertical line through the PSD with a 200 nm radius (top) to determine the width of the
mEos2-gephyrin and GlyR domains (bottom). The shown cluster has an apparent width of 106 nm for gephyrin (red) and 94 nm for the GlyR domain (blue),
measured as FWHM (inset). The mean distance of the GlyR and gephyrin domains along the detection profiles was 44 ± 6 nm (mean ± SEM, n = 26 clusters, 13
fields of view, three experiments). Note that the shown example is an extreme case that was chosen for representation purposes (inset).
(C) Top image shows surface rendering of mEos2-gephyrin clusters (red) and GlyRs (cyan) at inhibitory synapses (overlaid with fluorophore density localizations).
Bottom graph shows the correlation of the volumes of the two structures (slope, 0.8; R2 = 84).
See also Movie S1.
Neuron
Quantitative Nanoscopy of Inhibitory SynapsesDendra2-gephyrin image taken with the mercury lamp prior to
the recording, to obtain a conversion factor f of fluorescence in-
tensity per molecule (f = 92 ± 12 arbitrary units [a.u.] of fluores-
cence per molecule; mean ± SEM, n = 14 clusters from nine
fields of view and three independent experiments). This conver-
sion was then used to quantify a large set of fluorescence
images, which suggested that synaptic clusters contain Den-
dra2-gephyrin molecules numbering between tens and several
hundreds, with an average of 218 ± 9 (mean ± SEM, n = 622 clus-
ters from 42 cells and three experiments; Figure 4A3).
As an alternative approach to quantify the number of gephyrin
molecules at inhibitory synapses, we determined the single-
molecule intensity and the lifetime of the nonconverted (green)
Dendra2 fluorophores. First, synaptic Dendra2-gephyrin clusters
were fully bleached with 491 nm laser illumination (Figure 4B1).
The bleaching traces were fitted with a double exponential
decay, which provided the total cluster fluorescence A (the
area under the curve), as well as the weighted time constant tw
of the fluorophore fluorescence lifetime. In order to determine
the average intensity, I, of single Dendra2 fluorophores, we
measured individual blinking events at the end of the acquired
movies (Figure 4B2). Using these parameters, the number of
clustered Dendra2-gephyrin molecules was calculated (see312 Neuron 79, 308–321, July 24, 2013 ª2013 Elsevier Inc.Experimental Procedures). As described earlier, this number
was applied to the green fluorescence image taken with the
lamp previously and extrapolated to a larger set of Dendra2-
gephyrin clusters, yielding an average of 211 ± 9 molecules per
cluster (n = 622 clusters, 42 cells, three experiments; Figure 4B3).
Notably, the conversion factor (f = 95 ± 9 a.u./molecule, n = 48
clusters, 12 fields of view, three experiments) was almost the
same as that obtained with the first quantification method. As
a result, the two types of quantification, that of the converted
and of the nonconverted populations of Dendra2-gephyrin
gave almost identical results.
Numbers and Densities of Endogenous Gephyrin
Molecules at Synapses
Since the quantification of fluorophores through decay recording
and single-fluorophore detection did not require the use of pho-
toconvertible probes, we used the same approach to quantify
the number of endogenous gephyrin molecules in spinal cord
neurons from a knockin (KI) mouse strain expressing monomeric
red fluorescent protein (mRFP)-gephyrin (Calamai et al., 2009).
Synaptic clusters of mRFP-gephyrin in fixed dissociated cultures
were imaged with a mercury lamp (Figure 5A) and then bleached
with 561 nm laser illumination to measure the total fluorescence
Figure 4. Quantification of Dendra2-Gephyrin Molecules at Synapses in Fixed Neurons
(A1) Pulsed photoconversion and bleaching of Dendra2-gephyrin clusters by application of trains of 100 ms pulses of 405 nm (every 30 s) during continuous
illumination with 561 nm laser light.
(A2) The decay traces display single Dendra2 intensity steps (e.g., pulse at frame 13,200, indicated by red lines).
(A3) Histogram of Dendra2-gephyrin molecule numbers of synaptic gephyrin clusters in fixed dissociated spinal cord neurons, using the conversion factor f
obtained by pulsed photoconversion.
(B1) Bleaching of nonconverted Dendra2-gephyrin clusters using 491 nm laser illumination (insets). The recording was fitted with a double exponential decay (red
line). The extracted time constants (t1 = 24 frames, t2 = 767 frames) and amplitudes (a1 = 74,400 a.u.; a2 = 19,000 a.u.) were used to calculate the weighted
(effective) time constant (tw = 175 frames in the given example). The area under the curve,A, represents the integrated fluorescence intensity of the cluster. Size of
images: 12 3 15 mm.
(B2) Blinking Dendra2-gephyrin molecules were detected at the end of the decay recordings (e.g., in frame 7172). From the intensity distribution of these blinking
events, we obtained the cluster-specific mean fluorophore intensity (in the shown example, I = 889 a.u.). Size of images: 2.5 3 2.5 mm.
(B3) Histogram of Dendra2-gephyrin molecule numbers of synaptic clusters in fixed spinal cord neurons, using the conversion factor f obtained by decay re-
cordings.
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fluorophores. The calculated conversion factor, f, was applied
to other fluorescence images of mRFP-gephyrin clusters, which
revealed that synaptic clusters contain between 40 and 500
endogenous gephyrin molecules with an average of 194 ± 5mol-
ecules (mean ± SEM, n = 829 clusters from 41 cells and five ex-
periments). A similar distribution was found in live recordings
(Figure 5B; mean 154 ± 3 molecules, n = 850 clusters, 41 cells,
three experiments), indicating that chemical fixation did not
have a drastic effect on gephyrin clustering. It is interesting
that the absolute numbers of endogenous mRFP-gephyrin mol-
ecules at synapses were similar to those of recombinant Den-
dra2-gephyrin (Figures 4 and 5B). This suggests that the number
of gephyrin molecules at synapses is kept relatively constant,
regardless of the protein expression levels. To test this hypothe-
sis, we transfected mRFP-gephyrin KI cultures with Dendra2-
gephyrin and sequentially quantified the endogenous and re-
combinant fluorophores in fixed neurons (bleaching of mRFP
at 561 nm followed by Dendra2 at 491 nm). These experimentsshowed that recombinant Dendra2-gephyrin indeed displaces
endogenous mRFP-gephyrin in a dose-dependent manner.
Moreover, the combined mRFP- plus Dendra2-gephyrin
numbers were remarkably independent of Dendra2-gephyrin
overexpression, confirming that the synaptic clustering of ge-
phyrin is tightly regulated in spinal cord neurons (Figure S1).
To estimate the endogenous mRFP-gephyrin numbers at syn-
apses in vivo, we conducted decay recordings on fixed spinal
cords from 3-month-old KI animals. The tissue was frozen and
sliced in sucrose to preserve themRFP fluorescence (Figure 5A).
Unexpectedly, the numbers of clustered gephyrin molecules in
spinal cord slices were much higher than in cultured neurons
(mean 477 ± 16 molecules, n = 666 clusters from six spinal
cord slices; Figure 5B). This disparity could be attributed either
to the size of the gephyrin clusters or to the density of clustered
molecules. In order to distinguish between these possibilities, we
reconstructed PALM-like images from the detections of blinking
mRFP fluorophores at the end of the photobleaching recordings
(referred to as nonactivated PALM, or naPALM). The moleculeNeuron 79, 308–321, July 24, 2013 ª2013 Elsevier Inc. 313
Figure 5. Quantification of Endogenous mRFP-Gephyrin Molecules at Synapses
(A) Conventional fluorescence microscopy of endogenous mRFP-gephyrin clusters in fixed spinal cord cultures (top) and spinal cord slices (0.5 mm thickness)
from 3-month-old mRFP-gephyrin KI animals (bottom). Scale bar represents 5 mm.
(B) Quantification of endogenous mRFP-gephyrin molecules at synapses using decay recordings in fixed (black) and living spinal cord cultures (blue) and in fixed
spinal cord slices (red).
(C) Quantitative imaging and super-resolution image reconstruction of endogenous mRFP-gephyrin clusters were combined to calculate gephyrin densities in
fixed cultures and spinal cord slices: left panels indicate conventional fluorescence imaging, and right panels indicate naPALM. The examples have densities of
4,281 molecules/mm2, shown at top (208 molecules; size, 0.049 mm2), and 12,786 molecules/mm2, shown at bottom (1,514 molecules; size, 0.118 mm2). Scale bar
represents 200 nm.
(D) Conventional imaging of endogenous mRFP-gephyrin (red) and Alexa 647-labeled GlyRa1 subunits (green) in 6-month-old spinal and cortical tissue (1 mm
slices). Scale bar represents 5 mm.
(E) Quantification of mRFP-gephyrin molecules in cortex (black) and in spinal cord inhibitory synapses that are negative (blue) or positive (red) for endogenous
GlyRa1.
(F) Distribution of gephyrin molecule densities at GlyRa1-containing spinal cord synapses (red) and at cortical synapses (black), represented as box charts
displaying the mean, 25%, median, and 75% of the cluster population (squares, lower, middle, and upper horizontal lines, respectively).
See also Figures S1 and S2.
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rendered pointillist images (Figure 5C). This analysis showed
that gephyrin clusters were, on average, somewhat bigger in spi-
nal cord slices (0.061 ± 0.005 mm2, n = 44 from three slices) than
in cultured neurons (0.048 ± 0.002 mm2, n = 115, 11 cells, three
experiments). However, this difference was not very pronounced
and was partly due to the fact that gephyrin clusters in slices
were more often composed of subdomains that may be consid-
ered as separate entities. This fits with previous observations
that the size of spinal cord synapses varies over a wide range
and that larger PSDs have more complex shapes (Triller et al.,
1985; Lushnikova et al., 2011). However, we did observe strong
differences regarding the molecule density of gephyrin clusters
in adult slices (12,642 ± 749 molecules/mm2) as opposed to
cultured neurons (5,054 ± 260 molecules/mm2), suggestive of a
greater maturity of inhibitory PSDs in native tissue.
We thus looked at the temporal profile of gephyrin clustering
during postnatal development. The number of mRFP-gephyrin314 Neuron 79, 308–321, July 24, 2013 ª2013 Elsevier Inc.clusters in 1-mm-thick cortex and spinal cord slices increased
with age, reaching about 0.1 clusters/mm2 in adult gray matter
(Figure S2A). Surprisingly, the number of mRFP-gephyrin mole-
cules at these clusters differed substantially between mature
synapses in spinal cord and cortex (at 6 months), with a mean
of 393 ± 19 and 133 ± 10 molecules, respectively (nspc = 427
and ncor = 264 clusters from six or more slices; Figure S2B).
Thus, in addition to temporal changes, other factors clearly regu-
late gephyrin scaffolds. Speculating that the inhibitory receptor
types expressed in spinal cord and cortex may have something
to do with this, we visualized endogenous GlyRa1 subunits in
6-month-old cortex and spinal cord slices by immunohisto-
chemistry (Figure 5D). Whereas no GlyRs were detected in cor-
tex, many of the PSDs in spinal cord were positive for GlyRa1.
The glycinergic synapses in the spinal cord were those with
the highest number of clustered mRFP-gephyrin molecules
(588 ± 30 molecules, n = 216 clusters; Figure 5E). In contrast,
spinal cord synapses with little or no GlyRa1 had inhibitory
Figure 6. Activity Dependence of GlyR and
GABAAR Levels at Inhibitory Synapses
(A) Endogenous GlyRa1 (Alexa 647, blue) and
GABAARa2 subunits (Alexa 488, green) colocalize
with endogenous mRFP-gephyrin clusters (red) in
cultured spinal cord neurons. Scale bar represents
5 mm.
(B–D) Synaptic clusters were first binned by
mRFP-gephyrin molecule number (B; four quar-
tiles, each represented as box charts with mean,
median, 25%, and 75% of the cluster population).
The largest gephyrin clusters (the fourth quartile in
B) express the highest levels of GlyRs (C) and
GABAARs (D). In cultures treated with 1 mMTTX for
48 hr (hatched boxes), the GABAARs levels are
reduced, whereas GlyRs and gephyrin numbers
are unchanged (ncontrol = 3,519 and nTTX = 3,406
clusters; 58 fields of view, two coverslips per
condition).
(E and F) Synaptic clusters then were binned by
the ratio of GlyRa1 fluorescence to gephyrin
number as a measure of GlyR occupancy (in E,
four quartiles, represented as mean, median,
25%, and 75% of the cluster population) The
clusters with the highest GlyR occupancy (the
fourth quartile in E) express the lowest level of
GABAARs (F). TTX treatment reduces GABAAR
levels most notably in synapses with low GlyR
occupancy (first and second quartiles).
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gephyrin molecules, n = 211; and 133 ± 10, n = 264, respec-
tively). Similarly, the sizes and the packing densities of gephyrin
clusters were substantially higher in GlyR-containing spinal cord
synapses (0.062 ± 0.004 mm2, 8,771 ± 576molecules/mm2, n = 59
clusters from four slices) than in cortex (0.036 ± 0.003 mm2,
4,460 ± 360 molecules/mm2, n = 28 clusters from three slices;
Figure 5F). These observations suggest that receptor-scaffold
interactions play a decisive role for the assembly and stability
of inhibitory synaptic scaffolds.
Activity-Dependent Competition of Endogenous GlyRs
and GABAARs for Synaptic Binding Sites
Spinal cord neurons express both GlyRs and GABAARs that
bind to a common site on gephyrin (Maric et al., 2011; Kowalczyk
et al., 2013). In order to dissect the relationship between these
two types of receptors, we measured their concentrations at
inhibitory synapses by dual immunolabeling in mRFP-gephyrin
KI spinal cord cultures (Figure 6A). Endogenous gephyrin
molecules were quantified through decay recordings, and the
synaptic clusters were then binned according to gephyrin num-
ber (Figure 6B). In line with our observations in spinal cord slices,Neuron 79, 308–the synaptic levels of GlyRs correlated
with the number of gephyrin molecules,
as did the GABAAR levels (Figures 6C
and 6D). However, the synaptic accumu-
lation of GABAARa2 was significantly
reduced in spinal cord neurons that had
been treated for 48 hr with 1 mM tetrodo-
toxin (TTX) to block action potentials andto minimize the network activity in the cultures (Kilman et al.,
2002).
Since TTX had no obvious effect on the synaptic enrichment of
GlyRs (Figure 6C), we expected the activity-dependent regula-
tion to be most pronounced at pure GABAergic synapses. As a
measure of GlyR occupancy of inhibitory PSDs, we calculated
the ratio of GlyRa1 fluorescence to mRFP-gephyrin number
and sorted the clusters accordingly (Figure 6E). This analysis re-
vealed that the inhibitory PSDs with the lowest GlyR occupancy
(first and second quartiles) had the highest GABAARa2 occu-
pancy and were most affected by activity blockade with TTX
(Figure 6F). Together, these data show that the number of synap-
tic binding sites controls the receptor levels at inhibitory PSDs
and that activity-dependent processes regulate the competition
between receptors.
Quantification of GlyR Binding Sites at Synaptic
Gephyrin Clusters
The close correspondence of receptors and gephyrin scaffolds
at inhibitory synapses, both in terms of spatial organization (Fig-
ures 2 and 3) as well as protein numbers (Figures 5 and 6),
prompts the question of whether a stable stoichiometry exists321, July 24, 2013 ª2013 Elsevier Inc. 315
Figure 7. Quantification of Receptor
Binding Sites at Inhibitory PSDs
(A) Dual-color quantification of the number of
b-loop-TMD-Dendra2 and endogenous mRFP-
gephyrin molecules in cultured spinal cord neurons
(n = 347 clusters, 34 cells, three experiments)
shows a linear relationship (slope, 0.49; R2 = 0.77,
black line). Data points from three individual neu-
rons with low (red), intermediate (yellow), and high
(green) b-loop-TMD-Dendra2 expression are
highlighted. In highly expressing cells, b-loop-
TMD-Dendra2 and mRFP-gephyrin are clustered
close to a 1:1 ratio (dashed line).
(B) Quantification of b-loop-TMD-Dendra2 and
recombinant mRFP-gephyrin in COS-7 cells (n =
59 clusters, 17 cells, two coverslips). The two
proteins are clustered in a stoichiometry of 1.37:1
(black line, R2 = 0.90).
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ceptor binding sites. To quantify the absolute number of GlyR
binding sites at inhibitory synapses, we transfected spinal cord
KI cultures with a membrane construct containing the ge-
phyrin-binding domain of GlyRb. The b-loop-transmembrane
domain (TMD)-Dendra2 construct colocalizes with mRFP-
gephyrin clusters and has the ability to replace endogenous
GlyRs (Specht et al., 2011). The mRFP and Dendra2 fluoro-
phores were quantified by sequential bleaching in the red
(mRFP) and green (Dendra2) channels. This revealed an average
occupancy of 0.5 b-loop constructs per synaptic gephyrin
molecule, a ratio that varied from cell to cell and that reached a
maximum of 1.1 in neurons with the highest b-loop-TMD-Den-
dra2 expression (Figure 7A). In spinal cord neurons, however, the
presence of endogenousGlyRs andGABAARs needs to be taken
into account. The counting of receptor binding sites was, there-
fore, repeated in COS-7 cells, a reduced cellular model devoid of
endogenous inhibitory receptors. In this cell line, the coexpres-
sion of b-loop-TMD-Dendra2 and mRFP-gephyrin created small
clusters that displayed a linear dependence between b-loops
and gephyrin molecules (slope, 1.4; Figure 7B). These findings
suggest that b-loop-TMD-Dendra2 can replace endogenous re-
ceptors and occupy all synaptic binding sites and that all
gephyrin molecules at synapses can contribute to the immobili-
zation of inhibitory receptors.
DISCUSSION
Quantitative Nanoscopy: Building a Realistic Model of
the Synaptic Structure
The performance of the synapse as a signaling device is largely a
function of its molecular composition; it is determined by the
number of synaptic components and their place within the syn-
aptic structure. The central concept of this study was to exploit
the inherent property of single-molecule imaging to detect fluo-
rophores one at a time, in order to extract ultrastructural as
well as quantitative data on the gephyrin scaffold at inhibitory
synapses in spinal cord neurons. Using a range of single-mole-
cule-based imaging approaches, we have thus gained access316 Neuron 79, 308–321, July 24, 2013 ª2013 Elsevier Inc.to new types of information that afford a more realistic view of
the organization and composition of inhibitory PSDs (Table 1).
The common basis of quantitative imaging techniques is to
calibrate fluorescence intensity units against a known concen-
tration or number of fluorophores such as green fluorescent pro-
tein (GFP). The intensities of individual fluorophores are easily
measured in single-molecule experiments and can be used to
convert units of fluorescence into numbers of molecules (Ulbrich
and Isacoff, 2007; Durisic et al., 2012). Applying this methodol-
ogy, we analyzed the photobleaching intensity steps of con-
verted Dendra2 fluorophores to access absolute molecule
numbers. The summed peaks of a train of photoconversion
pulses gave the total number of Dendra2-gephyrin molecules
in a discrete gephyrin cluster. In other words, we have quantified
the number of photoconversion events until depletion, rather
than the number of fluorophore detections. The rationale of our
approach was that the blinking of fluorescent proteins impedes
the simple counting of the number of detections in PALM record-
ings. The quantitative interpretation of PALM data can, in princi-
ple, be achieved by identifying bursts of detections arising from
the same fluorophore and by reducing these detections to a sin-
gle data point. However, this type of analysis is limited to fluoro-
phore densities of up to 1,000 molecules/mm2 (Annibale et al.,
2011), much lower than those present at synaptic gephyrin clus-
ters (5,000–10,000 molecules/mm2).
To validate ourmolecule counting strategy, we also developed
another quantitative approach that consists in bleaching a pop-
ulation of fluorophores without photoconversion. This technique
is equally applicable to nonconverted Dendra2 fluorophores and
to conventional fluorophores such as mRFP. In short, decay
traces of recombinant Dendra2-gephyrin or endogenous
mRFP-gephyrin clusters were fitted to extract the area under
the curve (total cluster fluorescence) and the decay time (fluoro-
phore lifetime). The intensity of single fluorophores was given by
blinking events in the later stages of the recording. From these
three parameters, the number of fluorophores in the cluster
was calculated (see Experimental Procedures). In addition, the
blinking of fluorophores at the end of the decay recording can
be used for the reconstruction of PALM-like nanoscopic images,
Table 1. Quantitative Parameters of Inhibitory Synapses in Cultured Spinal Cord Neurons
Parameter Mean (Range) Notes
Size of inhibitory PSD 0.05 (0.01–0.1) mm2 2D projection
Thickness of gephyrin scaffold %100 nm 3D measurement
Volume of gephyrin scaffold %0.012 mm3 3D measurement
Distance of gephyrin to synaptic cleft 44 nm 3D measurement
Number of endogenous mRFP-gephyrin
molecules
200 (40–500) molecules per cluster In vivo:
cortical synapses (adult): 130molecules per cluster
spinal cord (adult, GlyRa1 positive): 600 per cluster
Surface density of gephyrin clusters 5,000 gephyrin molecules/mm2 In vivo:
cortical synapses (adult): 4,500 molecules/mm2
spinal cord (adult, GlyRa1 positive): 9,000/mm2
Number of GlyRb binding sites One binding site per gephyrin molecule Receptor occupancy%1
Details on how the values were obtained or calculated are given in the Results section. Note that values may vary substantially in mature synapses
in vivo or in response to synaptic plasticity. Given the limited spatial resolution of 3D PALM, the thickness and volume readings are upper limits.
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good localization accuracy (as is the case for mRFP). We refer
to this type of imaging as naPALM. It should be noted that the
bleaching of the fluorophore population reduces the sampling
of the structure, which can compromise the spatial resolution.
We have, therefore, used naPALM only to measure the overall
size of mRFP-gephyrin clusters and relied on classical PALM
and STORM imaging for ultrastructural information.
In summary, the quantitative approaches presented here are
appropriate for counting large numbers of fluorophores within
dense structures. The resulting data are to be seen as estimates
that do not account for a number of factors. The efficacy of fluo-
rescent protein folding, for example, has not been considered.
Previous studies have shown that 80% of fluorophores are
functional (Ulbrich and Isacoff, 2007). If applied to our data,
this correction would raise the average gephyrin numbers at
inhibitory synapses from 200 to 250 molecules. These values
are comparable to the number of scaffold proteins at excitatory
synapses (e.g., 200–300 copies of PSD-95; discussed in Specht
and Triller, 2008).
The Planar Structure and Organization of Inhibitory
PSDs
Several lines of evidence indicate that gephyrin clusters are 2D
structures underneath the plasma membrane. EM data have
shown that the PSDs have a thickness of approximately 33 nm
(Carlin et al., 1980). Immuno-EM has further revealed that ge-
phyrin molecules lie at a relatively constant distance from the
synaptic membrane (Triller et al., 1985). More specifically,
different epitopes are detected at different distances—gold par-
ticles associated with the monoclonal antibodies mAb7a (ge-
phyrin C domain) and mAb5a are found at 22 nm and at
30 nm, respectively—suggesting that gephyrin molecules are
not arranged strictly parallel to the plasma membrane. In order
to explore the 3D organization of the gephyrin scaffold, we
have implemented dual-color 3D-PALM/STORM imaging using
adaptive optics. Previous STORM imaging with an astigmatic
lens has mapped the vertical organization of excitatory synap-
ses, showing a close correspondence with EM data (Dani
et al., 2010). With a deformable mirror, as opposed to an astig-matic lens in the imaging path, the deformation of the PSF can
be adjusted to optimize the signal detection and to set the dy-
namic range along the z axis (Izeddin et al., 2012). Using this
approach, we measured the distance of the gephyrin scaffold
to the synaptic cleft. The average distance of the N terminus of
gephyrin to the extracellular mAb2b epitope of GlyRa1 was
44 nm. This comprises the mEos2 tag (estimated at 4 nm, similar
to GFP; Ormo¨ et al., 1996), the distance of gephyrin to the mem-
brane (10 nm; Triller et al., 1986), the membrane and extracel-
lular domains of the GlyR (11 nm as member of the Cys-loop
superfamily; Unwin, 2005), and the two antibodies (10 nm
each; Triller et al., 1986). These molecular lengths add up to
45 nm, in good agreement with our direct observation. The
apparent thickness of the gephyrin cluster itself was in the order
of 100 nm, at the limit of resolution set by our 3D-PALM imaging
conditions.
Further support for the planar molecular structure comes from
our quantitative analysis of gephyrin clusters. We have shown
that the gephyrin scaffold provides about asmany receptor bind-
ing sites as there are gephyrin molecules in the cluster (Table 1).
This means that all gephyrin molecules must be oriented so that
they can interact with receptors in the synaptic membrane.
Whether the binding sites are actually occupied or not depends
on the number of available binding partners and their affinities
(discussed later). Moreover, we found a linear correlation be-
tween endogenous mRFP-gephyrin fluorescence (i.e., molecule
number) and gephyrin immunolabeling (i.e., cluster surface; anti-
body mAb7a; R2 = 0.82; data not shown). Both these observa-
tions lend support to a model in which all gephyrin monomers
within the cluster are exposed equally toward the synaptic mem-
brane as well as the cytoplasm.
Based on the oligomerization properties of gephyrin, there ex-
ists a general consensus that the lateral organization of the ge-
phyrin scaffold is that of a hexagonal network (Kneussel and
Betz, 2000; Schwarz et al., 2001; Sola et al., 2001, 2004; Xiang
et al., 2001). Our experiments revealed synaptic gephyrin den-
sities as high as 10,000 molecules/mm2 at mature spinal cord
synapses in vivo, which corresponds to 2D spacing in the order
of 10 nm between gephyrin monomers. However, gephyrin mol-
ecules were packed less densely in the cortex and in dissociatedNeuron 79, 308–321, July 24, 2013 ª2013 Elsevier Inc. 317
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organization of the gephyrin scaffold can be somewhat irregular
(Sola et al., 2004) and depend on receptor-gephyrin interactions
as well as synapse maturity. Denser gephyrin packing is likely
accompanied by an increased stability of the synaptic scaffold,
as seen in the developmental reduction of the gephyrin ex-
change kinetics shown in a recent study (Vlachos et al., 2012).
However, PALM imaging revealed that the internal structure of
gephyrin clusters has an additional level of organization. Many
of the larger gephyrin clusters are composed of subdomains
that are separated by areas with low gephyrin concentrations.
Inhibitory synapses with different levels of complexity have
also been observed by EM (Triller and Korn, 1982). That some
synapses with segmented PSDs are apposed to separate pools
of synaptic vesicles means that they may be considered as inde-
pendent entities (Lushnikova et al., 2011). Accordingly, dynamic
PALM imaging revealed that the subclusters of gephyrin change
their relative positions on a time scale of minutes. These rear-
rangements may correspond with the splitting and merging of
gephyrin clusters as observed frequently during time-lapse im-
aging (Dobie and Craig, 2011).
The Gephyrin Scaffold as a Dynamic Platform for
Competing Inhibitory Receptors
The morphology of inhibitory PSDs appears to play a role in the
homeostatic regulation of inhibitory synapses. Both size and
complexity of inhibitory PSDs increase in response to excitatory
synaptic plasticity (Nusser et al., 1998; Bourne and Harris, 2011;
Lushnikova et al., 2011). This is likely paralleled by functional
changes, since the size of the PSD determines the receptor
levels at inhibitory synapses (Nusser et al., 1997; Lim et al.,
1999; Kasugai et al., 2010). In agreement with these findings,
our PALM/STORM data show a close match between the distri-
bution of gephyrin and GlyRs at spinal cord synapses. The 3D
data, in particular, illustrate the correspondence between
mEos2-gephyrin clusters and GlyR localization. The comparison
of endogenous receptor densities (1,250 pentameric GABAAR
complexes mm2 in cerebellar stellate cells; Nusser et al.,
1997) with the measured gephyrin densities (5,000 mm2 at
GlyRa1-negative cortical synapses) suggests that the receptors
may actually occupy a high proportion of the available binding
sites at central GABAergic synapses, assuming the simulta-
neous binding of several subunits per receptor complex.
Does this imply that changes in the clustering of gephyrin are
necessarily followed by alterations in receptor numbers at inhib-
itory synapses? The parallel changes of gephyrin and GlyR clus-
tering downstream of integrin signaling suggest that this may be
so (Charrier et al., 2010). Along the same line, our data show that
GlyR and GABAAR levels increase with the number of clustered
gephyrin molecules at spinal cord synapses. Regulatory pro-
cesses at GABAergic synapses may also affect GABAARs and
gephyrin levels alike (Bannai et al., 2009; Papadopoulos and
Soykan, 2011); however, the sequence of these events is less
clear, since there exists a reciprocal stabilization between
GABAARs and gephyrin (discussed in Fritschy et al., 2008).
This is reminiscent of our observation that the formation of ge-
phyrin clusters in COS-7 cells depends on the presence of mem-
brane constructs with a gephyrin-binding sequence. Under318 Neuron 79, 308–321, July 24, 2013 ª2013 Elsevier Inc.these conditions, gephyrin and the membrane proteins were
found to associate in a stable stoichiometry.
On the other hand, mechanisms that alter the affinity of recep-
tor-gephyrin binding have the potential to uncouple gephyrin
clustering and receptor numbers. For instance, activity depriva-
tion with TTX reduced GABAARa2 levels at spinal cord synapses
in line with previous observations (Kilman et al., 2002), whereas
gephyrin numbers and GlyRa1 levels were remarkably resilient
to the treatment. Receptor-gephyrin affinities can be regulated
by phosphorylation of GlyRs or GABAARs at their gephyrin-bind-
ing sites (Mukherjee et al., 2011; Specht et al., 2011) or by post-
translational modifications of gephyrin itself (Zita et al., 2007).
Since these mechanisms are independent of gephyrin clustering
as such, the synaptic scaffold can act as a rather stable platform
for the immobilization of inhibitory receptors that compete for ex-
isting binding sites. Consequently, the membrane construct
b-loop-TMD-Dendra2 accumulates at gephyrin clusters in a
dose-dependent manner, likely through the displacement of
endogenous receptor complexes at spinal cord synapses
(Specht et al., 2011). At high expression levels, we observed
the saturation of binding sites by b-loop-TMD-Dendra2 (occu-
pancy 1.1).
It is well known that the GlyR b-loop binds to the gephyrin E
domain with high affinity (Herweg and Schwarz, 2012). An initial
model suggested a 1:1 stoichiometry between pentameric GlyR
complexes and gephyrin (Kirsch and Betz, 1995). However, the
presence of two b subunits per GlyR complex (Durisic et al.,
2012) makes it much more attractive that the receptors interact
with the gephyrin scaffold via both binding sites, either within
the same gephyrin trimer (Fritschy et al., 2008) or by crosslinking
neighboring trimers (Sola et al., 2004), thus attaining a higher
avidity for the gephyrin scaffold. This model is consistent with
the observation that glycinergic spinal cord synapses are very
dense and stable molecular assemblies that are largely insensi-
tive to the blockade of excitatory activity by TTX. Consequently,
synaptic GlyRs display a confined diffusion within gephyrin clus-
ters, only exchanging between subdomains of the cluster on a
slow time scale of tens of seconds. Given recent advances in sin-
gle-molecule imaging, it is now foreseeable to directly measure
absolute receptor fluxes at synapses as well as dynamic transi-
tions between different steady states, providing an access to the
dynamic equilibrium of molecular interactions in living cells.
EXPERIMENTAL PROCEDURES
Plasmids
The coding sequence of rat gephyrin (GenBank X66366, splice variant P1) was
fused at its N terminus to Dendra2 (Clontech 632546), mEos2 (GenBank
FJ707374), and mRFP (GenBank AF506027) via a GSLGG linker, to generate
the plasmids Dendra2-gephyrin, mEos2-gephyrin, and mRFP-gephyrin,
respectively. Plasmid b-loop-TMD-Dendra2 consists of the cytoplasmic M3-
M4 loop of mouse GlyRb (residues N334–A454 excluding signal peptide, Uni-
Prot ID P48168) fused to a single transmembrane domain and extracellular
Dendra2 (in analogy to bLwt-TMD-pHluorin; Specht et al., 2011). The fusion
constructs were cloned in a eukaryotic expression vector derived from
pEGFP-N1 (Clontech) with a partial deletion of the cytomegalovirus promoter.
Cell Culture and Transfection
Spinal cord dissociated neuron cultures were prepared from Sprague-Dawley
rats (at E14) and from homozygous mRFP-gephyrin KI mice (at E13) as
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of the FrenchMinistry of Agriculture and the Direction de´partamentale des ser-
vices ve´te´rinaires de Paris (Ecole Normale Supe´rieure, Animalerie des Ron-
geurs, license B 75-05-20). Neurons were plated at a density of 6 3 104/cm2
on 18 mm coverslips (thickness, 0.13–0.16 mm); cultured in neurobasal me-
dium containing B-27, 2 mM glutamine, 5 U/ml penicillin, and 5 mg/ml strepto-
mycin at 36C and 5%CO2; transfected with 0.5 mg plasmid DNA per coverslip
using Lipofectamine 2000; and used for experiments on the following day (at
12–24 days in vitro [DIV]). COS-7 cells were grown on coverslips in Dulbecco’s
modified Eagle’s medium containing 10% fetal calf serum, and cotransfected
with b-loop-TMD-Dendra2 andmRFP-gephyrin in a stoichiometry of 1:4 on the
day prior to the experiments using FuGENE 6.
Sample Preparation
Cell cultures were fixed for 10min in 0.1M sodium phosphate, pH 7.4, contain-
ing 4% paraformaldehyde (PFA) and 1% sucrose, rinsed, and imaged in PBS
(pH 7.4) (PALM and fluorophore counting). For PALM and STORM imaging,
fiducial markers (TetraSpeck microspheres, 100 nm diameter, Invitrogen
T7279) were attached to the coverslips after fixation. For immunolabeling,
fixed neurons were permeabilized with 0.25% Triton X-100 where necessary
and labeled in PBS containing 3% bovine serum albumin with antibodies
against extracellular epitopes of GlyRa1 (Synaptic Systems, mAb2b,
146111, 1:200–400 dilution) and GABAARa2 (Synaptic Systems, 224103,
1:400), the phosphorylated C domain of gephyrin (Synaptic Systems,
mAb7a, 147011, 1:500; Kuhse et al., 2012), or the N terminus of bassoon
(sap7f, 1:500; tom Dieck et al., 1998), followed by Alexa Fluor 647- or 488-
tagged secondary antibodies (Invitrogen, 1:250–500). dSTORM was conduct-
ed in PBS (pH 7.4), containing 10% glucose, 50 mM b-mercaptoethylamine,
0.5 mg/ml glucose oxidase, and 40 mg/ml catalase, degassed with N2 (Izeddin
et al., 2011).
Spinal cord and cerebral cortex sections were prepared from mRFP-
gephyrin KI mice. Male animals of 1 week to 6 months of age were perfused
intracardially with 4% PFA and 0.1% glutaraldehyde in PBS (pH 7.4). Spinal
cords (thoracic dorsal horn) and cortices (nonsuperficial layers of the frontal
lobe) were dissected, postfixed with 4% PFA in PBS, cut into 1 mm segments,
and incubated overnight in 2.3 M sucrose in PBS at 4C. The tissue was frozen
in liquid nitrogen and sliced at 80C with a cryo-ultramicrotome (Leica Ultra-
cut EM UC6). Slices of 0.5 or 1 mm thickness were placed on glass coverslips,
immunolabeled if required, and imaged in PBS.
Live Imaging
Dynamic imaging (live PALM, SPT-QD, and fluorophore counting) was con-
ducted at 35C in imagingmedium (minimum essential mediumwithout phenol
red, 33 mM glucose, 20 mMHEPES, 2 mM glutamine, 1 mM sodium pyruvate,
B-27). For SPT-QD of endogenous GlyRs (Specht et al., 2011), neurons were
sequentially incubated with antibodies against GlyRa1 (mAb2b; 1:1,000,
4 min), biotinylated goat anti-mouse Fab fragments (Jackson Immunore-
search; 1:1,000, 4 min), and streptavidin-conjugated QDs emitting at 705 nm
(Invitrogen, Q10161MP, diameter, 25 nm; 1 nM, 1 min).
PALM and STORM
Single-molecule imaging was carried out as described elsewhere (Izeddin
et al., 2011) on an inverted Nikon Eclipse Ti microscope with a 1003 oil-immer-
sion objective (N.A. 1.49), an additional 1.53 lens, and an Andor iXon EMCCD
camera (image pixel size, 107 nm), using specific lasers for PALM imaging of
Dendra2 and mEos2 (405 and 561 nm), STORM of Alexa Fluor 647 (532 and
639 nm), and photobleaching of preconverted Dendra2 fluorophores
(491 nm). Movies of%6 3 104 frames were acquired at frame rates of 20 ms
(live) and 50 ms (fixed samples). The z position was maintained during acqui-
sition by a Nikon perfect focus system. Dual-color STORM/PALM imaging was
conducted sequentially. PALM and SPT-QD were carried out simultaneously
with a Photometrics dual-view system, using 561 nm laser excitation for
both the QDs and the converted mEos2 fluorophores. The emitted light was
separated with a 633 nm dichroic and filtered for mEos2 (593/40 nm) and
QD705 (692/40 nm). The SPT-QD acquisitions were kept to %160 s (8,000
frames of 20 ms) to exclude the spectral shift (blueing) of QDs (Hoyer et al.,
2011). Conventional fluorescence imaging was conducted with a mercurylamp and specific filter sets for the detection of preconverted Dendra2,
mEos2, and Alexa 488 (excitation 485/20 nm, emission 525/30 nm), mRFP
(excitation 560/25, emission 607/36), and Alexa 647 (excitation 650/13, emis-
sion 684/24).
PALM/STORM Image Reconstruction
Single-molecule localization and 2D image reconstruction was conducted as
described elsewhere (Izeddin et al., 2011) by fitting the PSF of spatially sepa-
rated fluorophores to a 2D Gaussian distribution. In fixed-cell experiments,
100 nm TetraSpeck beads were used to correct the x/y drift during acquisition
(generally <200 nm), with a sliding window of 100 frames. In live PALM and
naPALM experiments, we corrected the positions of fluorophore detections
by the relative movement of the synaptic cluster itself, i.e., by calculating the
center of mass of the cluster throughout the acquisition using a partial recon-
struction of 2,000 image frames with a sliding window. PALM and STORM
images were rendered by superimposing the coordinates of single-molecule
detections, which were represented with 2D Gaussian curves of unitary inten-
sity and SD s representing the localization accuracy (10 nm). Gephyrin cluster
sizes were measured in reconstructed 2D images through cluster segmenta-
tion and by counting the pixels above the segmentation threshold forming a
single cluster (Figures 1B and 5C). Alternatively, cluster areas were measured
directly from superresolution localizations based on relative localization den-
sities (ViSP software, El Beheiry and Dahan, 2013; Figure 5F).
3D PALM/STORM
3D PALM/STORM imaging was performed using adaptive optics (AO) to
induce 2D astigmatism to the PSF of single molecules (Izeddin et al., 2012).
With PSF shaping, the axial symmetry of the signal was broken, giving access
to the z position of individual fluorophores in addition to the x/y coordinates.
The experimental set-up was as described earlier, with the addition of aMicAO
system (Imagine Optic) in the emission pathway. The AO system was used to
correct aberrations of the PSF and to induce a controlled degree of astigma-
tism (amplitude, 0.06 mm). For z axis calibration, 100 nm TetraSpeck beads
were imaged with the help of a nanopositioning piezo stage (Nano-Z500,
Mad City Labs) over a range of 1 mm, with a step size of 6 nm. Calibration
curves were taken for the 593/40 nm and 684/24 emission wavelengths for
each experiment. We then proceeded with the STORM and PALM acquisi-
tions. Astigmatic PSFs were analyzed using an asymmetric 2D Gaussian fit.
The center position of the fit represented the x/y coordinates of the fluoro-
phores, whereas the difference of the length and width of the fitted PSFs
(Dw = wx  wy) was mapped against the calibration curves in order to retrieve
the z positions of single fluorophores. Localized molecules were rendered as a
point cloud in a 3D scatterplot for both color channels (ViSP software, El
Beheiry and Dahan, 2013). Point cloud densities were calculated to illustrate
the relative molecular concentrations of gephyrin and GlyRs, whereas surface
rendering served to further depict the morphology and orientation of the syn-
aptic clusters.
Quantitative Single-Molecule Imaging
Pulsed Photoconversion
To quantify the number of photoconverted fluorophores (Dendra2-gephyrin),
100 ms pulses of 405 nm laser were applied every 30 s, during continuous im-
aging with the 561 nm laser (%4 3 104 frames at 50 ms). Dendra2 bleaching
steps were identified in the decay traces of the conversion pulses of individual
gephyrin clusters to measure the mean intensity of single fluorophores above
the background offset. The sum of the pulse peak intensities, ni, was then used
to calculate the total number of molecules in the same cluster: N = Sni.
Photobleaching and Single-Fluorophore Detection
Gephyrin clusters were photobleached with laser illumination (mRFP-gephyrin
with 561 nm and the nonconverted form of Dendra2 with 491 nm;%104 frames
at 20–50 ms). The decay traces of individual clusters were corrected for the
background noise offset and fitted with a double exponential equation to
extract the weighted decay constant, tw (from the two characteristic decay
times, t1 and t2, and their amplitudes, a1 and a2), as well as the integrated clus-
ter intensity A (area under the curve). Single-fluorophore blinking events were
detected at the end of the movie (typically in frames 5,000–10,000), and their
mean intensity, I, was measured for each cluster. The total fluorophoreNeuron 79, 308–321, July 24, 2013 ª2013 Elsevier Inc. 319
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Quantitative Nanoscopy of Inhibitory Synapsesnumber, N, of the cluster was then calculated according to the formula: N = A /
(I3 tw). For dual-color quantification, decay recordings were acquired first for
mRFP followed by Dendra2, since excitation at 561 nm did not affect the non-
converted form of Dendra2.
Conversion of Fluorescence Intensities to Molecule Numbers
The calculated fluorophore numbers of individual gephyrin clusters (from the
pulsed photoconversion or the fluorescence decay method) were equated to
the fluorescence intensity of the same clusters in images taken with the mer-
cury lamp (background-corrected integrated cluster intensity). This resulted in
a conversion factor f (fluorescence intensity/molecule) that could be applied
to any structure visualized in conventional fluorescence images, provided
that identical imaging conditions were maintained.SUPPLEMENTAL INFORMATION
Supplemental Information includes two figures and one movie and can
be found with this article online at http://dx.doi.org/10.1016/j.neuron.2013.
05.013.
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